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ABSTRACT.  Experiments  were  performed,  following  statistical 
procedure,  to  determine  the  effect  of  changes  in  processing  condi¬ 
tions  on  the  physical  properties  of  five  experimental  polyurethanes. 
Changes  in  polymer  raw  materials  had  more  effect  on  polymer  prop¬ 
erties  than  changes  in  processing  parameters,  such  as  curing  time, 
curing  temperature,  mixing  time,  and  catalyst-addition  temperature. 
Polymer  properties,  such  as  gelation  time,  hardness,  and  propor- 
tional-Iimit  elongation,  are  more  sensitive  to  changes  in  process¬ 
ing  than  other  polymer  properties,  such  as  tensile  strength  and 
polymer  to-metal  bond  strength.  Statistical  analysis  of  variance 
permitted  the  effects  of  two-factor  interactions  to  be  estimated. 
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INTRODUCTION 

This  report  describes  experiments  performed  to  determine  the  effect  of  processing  conditions 
on  the  physical  properties  of  five  polyurethane  polymers  now  being  used  at  the  U.  S.  Naval  Ord¬ 
nance  Test  Station  as  binders,  liners,  and  inhibitors  for  solid  propellants.  The  polymers,  made 
from  reacting  a  polyhydroxy  compound  with  a  diisocyanate,  possessed  typical  polyurethane  physi¬ 
cal  properties. 

Since  the  purpose  of  the  experiment  was  to  evaluate  the  effect  of  process  variables  on  poly¬ 
mer  physical  properties,  preparation  and  testing  were  conducted  under  conditions  approximating 
those  of  commercial  manufacture,  using  appropriate  independent  variables,  such  as  mixing  time 
and  curing  time.  Data  obtained  from  these  experiments  have  not  only  helped  to  define  processing 
conditions  that  would  produce  desired  polymer  properties  but  also  have  furnished  a  basis  for  mak¬ 
ing  polymers  to  specific  needs. 

A  statistical  design  was  sought  to  assure  reasonable  prediction  of  variable  effects  and  mini¬ 
mize  the  number  of  combinations  to  be  tested. 

MATHEMATICAL  MODEL 

The  statistical  design  that  was  chosen  is  expressed  by  the  following  mathematical  model, 
which  is  assumed  to  best  describe  the  response: 

xUklm  =  P  +  + Pi +  Yk+  (Py)jk  +  +  (j9A)/j  +  (yA)*, 

+  rm  +  (0r)M  +  (yr)tm  +  (Ar)^  +  €ijklm  ( 1) 

where 

Xijklm  ~  re8Pon8ei  the  measurement  of  any  dependent  variable 
H  =  the  mean  of  all  Xijkim  (constant) 

=  the  effect  of  resin-composition  (the  difference  between  resins)  fixed  variable 
[3j  =  the  effect  of  curing  temperature  of  gelled  polymer,  fixed  variable 

Yk  =  the  effect  of  temperature  of  prepolymer  at  the  time  of  catalyst  addition,  fixed 

variable 

(/3 y)jk  ■=  the  effect  of  interaction  between  fi  and  y 

A;  =  the  effect  of  mixing  time  of  prepolymer,  fixed  variable 
(/9A)yj  =  the  effect  of  interaction  between  )3  and  A 

(yA)*j  =  the  effect  of  interaction  between  y  and  A 

=  the  effect  of  curing  time  of  gelled  polymer,  fixed  variable 
($r)ym  =  the  effect  of  interaction  between  /S  and  r 

( yr)icm  “  the  effect  of  interaction  between  y  and  r 

(A r)^  =  the  effect  of  interaction  between  A  and  r 

*ijkim  *  random  error  that  cannot  be  accounted  for  (reproducibility  of  an  individual 
sample) 

The  values  of  a<,  fi/,  (fiy)jk  •  •  • ,  (Ar)jw  in  Eq.  1  are  assumed  to  be  negligible. 
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SAMP  LI  MODEL 

The  mathematical  model  (1)  ie  first  estimated  by  the  following  sample  model: 

X Uklm  m  %+  +  Bf  +  Cj  +  (BO/k  +  Dj  +  (BD)ji  +  (CD)u 

+  Em  +  (EE)jm  +  (CE)k» i  +  (DE)l In  +  (2) 

where 

X  estimates  p 
estimates 

etjklm  estimates  Uiklm 

and  where  X ,  Af,  Bt  .  •  •  ( DE )j„  are  chosen  so  that  the  sum  of  eqnares  error  (£ tiklmehklm>  »»• 
minimum. 

The  sums  of  aqnarea  due  to  Af,  Bj  ■  •  •  ( D£)j„  are  compared  with  the  sums  of  squares  error 
to  determine  whether  At,  Bj  •  •  •  ( DE)im  are  statistically  greater  than  aero. 

INDEPENDENT  VARIABLES 

Data  were  analysed  using  the  IDM  7090  computer.  Hie  resina  were  separated  into  compatible 
groups  before  analysis  becanse  of  unsimilar  variances.  Independent  variables  were  as  follows: 

5  replicates  of  5  x  3  x  2*  factorial. 

1.  A  -  resin  composition 

Ai  «  R-6 

A,  -  R-l 
Ag  ■  R-4 
Ag  ■  R-9 
A5  -  R-ll 

2.  B  -  curing  temperature,  °F 

Dt  -  110 
Bg  -  130 

B,  «  150 

3.  C  -  prepolymer  temperature  at  time  of 

catalyst  addition,  °F 

C,  -  140 
C2  -  160 

4.  D  »  prepolymer  mixing  time,  min 

Dt  -  10 
Da  .  20 

5.  F  -  gelled-polymer  curing  time,  hr 

Ej  ■  4 
Eg  -  24 


2 


NAVWEPS  REPORT  7934 


DEPENDENT  VARIABLES 

The  dependent  variables  measured  were 

1.  Gelation  time,  min 

2.  Tensile  strength,  psi 

a.  At  maximum  stress 

b.  At  rupture 

3.  Elongation  % 

a.  At  maximum  stress 

b.  At  rupture 

4.  Hardness,  Shore  A 

5.  Liner-to-metal  bond  strength,  psi 

6.  Proportional-limit  elongation  % 

EXPERIMENTAL  PROCEDURE 

Polymer  compositions  were  selected  for  their  range  of  physical  properties.  Specifications 
called  for  a  maximum  moisture  content  of  0.3%  (Karl  Fischer  reagent)  and  a  maximum  acid  number 
of  0.50.  All  reactants  were  protected  from  atmospheric  moisture.  The  acid  number  of  all  materials 
was  low  to  prevent  excessive  C02  bubbling.  It  was  also  shown  that  acidic  conditions  inhibit  the 
gel  formations  of  the  reaction  with  polyglycols  and  2,4  toluene  diisocyanate  (TDI).1  Mondur  TDI 
was  98.5%  of  the  2,4  isomer  and  2,6  isocyanate  analysis,  2.1.  Low  hydrolyzable  chloride  content 
was  desirable.  The  polypropylene  glycol  (PPG)-2025  had  a  molecular-weight  distribution  between 
1,800  and  2,100.  Castor  oil  (C-oil),  DB  grade,  was  selected  because  of  its  low  acid  number  of  1. 
Other  raw  materials  used  were  monohydroxyethyltrihydroxypropylethylenediamine  (MTDA),  phe- 
nylbetanapthalamine  (PBNA)  Neozone  D,  carbon  black  (P-33),  dipropylene  glycol  (DPG)  molecular 
weight  134.17,  and  ferric  acetylacetonate  (FeAA).  A  list  of  the  chemicals  used  and  the  suppliers 
are  as  follows: 

Chemical  Vendor 


PPG-2025  . 

.  Carbide  and  Carbon  Chemical  Co. 

TDI  . 

.  Mobay  Chemical  Co. 

MTDA  . 

.  Visco  Chemical  Co. 

PBNA  . 

.  E.  I.  du  Pont  deNemours  &  Co. 

P-33 . 

.  ColumDia  Carbon  Co. 

DPG . 

.  Carbide  and  Carbon  Co. 

C-oil . 

.  Baker  Castor  Oil  Co. 

FeAA . 

.  Aerojet-C.eneral  Corp. 

In  general,  two  methods  of  resin  preparation  were  employed.  R-ll  was  prepared  by  one  meth¬ 
od,  and  R-l,  R-4,  R-6,  and  R-9  were  prepared  by  another.  In  the  preparation  of  R-ll,  all  compo¬ 
nents  listed  in  Table  1  were  added  to  the  reaction  flask,  and  the  mixture  was  heated  and  stirred 
under  normal  pressure  until  the  temperature  reached  230°F.  The  mixture  was  then  placed  under  a 
vacuum  (evacuated  to  below  50  mm  of  mercury)  for  7  minutes  and  cooled  to  the  desired  prepolymer 
temperature;  subsequently,  the  catalyst  was  added. 

fHeiss,  H.  L.,  and  others.  "The  Influence  of  Acids  and  Rases  on  the  Properties  of  Urethane  Polymers,* 
Industrial  and  Engineering  Chemistry,  Vol.  51,  1959,  pp.  929-934. 
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TABLE  1.  POLYURETHANE  FORMULATIONS 


Resin 

Composition,  parts  by  weight 

PPG 

DPG 

C-oil 

TDI 

MTDA 

FeAA 

PBNA 

P-33 

R-l 

— 

87.0 

0.5 

MMfl| 

.... 

R-4 

1S0.0 

150.0 

56.0 

.5 

.... 

R-4 

75.0 

25.0 

200.0 

91.3 

.5 

.... 

R-9 

.... 

220.0 

162.5 

.5 

mmm 

.... 

R-Il 

260.0 

.... 

30.0 

II 

0.5 

- - 

1.5 

6.0 

R-l,  R-4,  R-6,  and  R-9  were  prepared  by  eimply  mixing  the  reactants  at  atmospheric  pressure 
without  the  application  of  external  heating.  The  exothermic  temperature  of  the  reactants  provided 
the  necessary  temperature  for  initiating  the  reaction.  After  being  mixed  for  a  specified  time,  the 
reactants  were  placed  under  vacuum,  brought  to  the  required  temperature,  and  the  catalyst  added. 
One  portion  of  the  formulstion  was  then  poured  into  a  flat  mold,  and  the  remainder  into  a  paper 
cup  for  gel-time  determination. 

In  the  preparation  of  all  polymer  compositions,  the  prepolymer  mixing  time  was  defined  as  the 
interval  between  addition  of  all  components  to  the  reaction  flask  and  the  degassing  operation. 
Mixing  times  of  10  and  20  minutes  were  chosen.  The  same  quantity  of  resin  was  prepared  in  each 
batch,  so  that  weight  would  be  a  constant. 

After  the  prepolymer  was  prepared  in  a  given  evaluation,  the  catalyst  solution  of  TDI  and 
FeAA  was  added  to  promote  gelation  and  subsequent  cure.  Polymer  gelation  time  is  directly  de¬ 
pendent  on  the  temperature  of  die  prepolymer  at  the  time  of  catalyst  addition.  This  variable  was 
introduced  into  the  experiment  to  evaluate  its  effect  on  the  physical  properties  of  the  polymer. 
Catalyst-addition  temperatures  of  140  and  160°  F  were  selected. 

Gelled-polymer  samples  were  cured  in  three  constant-temperature  electric  ovens  at  110,  130, 
and  150°F.  To  prevent  bubble  formation  at  high  initial  temperatures,  the  samples  were  allowed 
to  gel  at  room  temperature  (70°F)  before  being  placed  in  the  curing-temperature  ovens.  No  attempt 
was  made  to  control  oven  humidity. 

The  selection  of  4-  and  24-hour  periods  as  curing  times  was  arbitrary.  In  pilot-plant  produc¬ 
tion,  curing  times  are  based  on  the  process  used. 

The  polymer  gelation  time  was  defined  as  the  interval  between  the  instant  the  catalyst  was 
added  to  the  polymer  until  the  polymer  viscosity  had  exceeded  2  million  centipoises,  at  which 
time  the  polymer  was  nonpourable.  The  viscosity  of  the  resin  during  the  gelation  period  was 
measured  using  a  Brookfield  Syncoletric  Viscometer,  Model  RVF.  The  viscosity  measurements 
were  taken  in  standard  laboratory  atmosphere,  and  no  attempt  was  made  to  control  the  temperature 
of  the  polymer  during  gelation; 

Tensile-strength  tests  onall  polymer  samples  were  performed  in  accordance  with  American 
Society  of  Testing  Materials  (ASTM)  designation  D412-41  for  rubbery  materials.  Test  specimens 
were  cut  from  8-  by  8-  by  3/16-inch  flat  sheets  of  molded  polymer,  using  a  cutting  die  with  a  min¬ 
imum  width  of  1/4  inch.  All  samples  were  stored  and  tested  at  77°F.  From  the  stress— strain 
data,  two  values  of  tensile  strength  were  calculated:  the  maximum  value  and  the  value  at  rupture. 
The  tensile  strength  is  defined  as  the  load,  in  pounds,  divided  by  the  original  minimum  cross- 
sectional  area  of  the  sample,  in  square  inches.  An  average  of  four  measurements  was  made  on 
each  polymer  sample. 
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Hardness  measurement*  on  each  polymer  temple  were  taken  using  the  ASTM  method  D-676. 
When  a  Shore Durometer,  Type  A  ia  preeeed  againat  a  polymer  test  specimen,  the  forces  exerted 
by  the  indented  sample  and  the  spring  in  the  instrument  are  balanced  and  a  value  between  0  and 
100  ia  indicated  on  the  durometer  acale.  Five  readings  were  taken  on  each  sample,  and  an  aver¬ 
age  value  was  recorded. 

The  elastic  modulus  of  a  polymer  sample  is  the  ratio,  within  the  elastic  limit,  of  stress  to 
the  corresponding  strain.  These  data  were  also  obtained  as  a  result  of  the  stress— strain  data  de¬ 
scribed  in  this  section.  Elastic  modulus  is  reported  in  pounds  per  square  inch  times  10  to  the 
minus  3. 

The  shear-strength  values,  polymer-to-steel,  were  determined  by  using  a  modified  technique 
described  in  ASTM  D429-47T.  Shear-strength  values  were  obtained  on  a  Dillon  tensile-test  ma¬ 
chine.  A  crosshead  speed  of  0.1  in/min  was  employed. 

In  the  preparation  of  a  bond-strength  test  sample,  the  depressed  surface  on  the  metal  sample 
holder  was  filled  with  liquid  resin  in  the  pregel  state.  Another  metal  piece  was  then  placed  on 
top  of  this  piece,  and  the  two  mating  surfaces  of  each  piece  were  kept  parallel  by  placing  the  as¬ 
sembly  in  a  vertical  press  until  the  polymer  gelled. 

The  proportional-limit  elongation  is  the  value  of  percent  elongation  of  a  polymer  sample  de¬ 
termined  as  described  in  the  experimental  procedure,  where  the  ratio  of  stress  to  strain  is  no 
longer  constant,  i.e.,  where  the  material  ceases  to  behave  as  perfectly  elastic  material.  These 
data  were  also  determined  from  the  stress— strain  data. 


RESULTS 

Experimental  runs  were  evaluated  according  to  a  predetermined  order  corresponding  to  the 
statistical  design  of  the  experiment.  Polymer  samples  were  prepared  using  conventional  labora¬ 
tory  mixers.  The  possible  reaction  of  the  isocyanates  with  atmospheric  moisture  during  polymer 
preparation  was  introduced  into  the  experiment  as  a  random  variable.  The  effect  of  the  laboratory 
humidity  on  polymer  physical  properties  was  thought  to  be  small  since  the  humidity  varied  be¬ 
tween  10  and  50%  during  evaluations. 

Average  values  of  tensile  strength  at  maximum  load  and  at  rupture  are  as  follows: 


Formulation 

Maximum  stress, 
psi 

Stress  at  rupture, 
psi 

R-ll 

70.2 

70.2 

R-4 

93.7 

93.7 

R-6 

213.9 

213.9 

R-l 

233.8 

233.8 

R-9 

2,637 

2,215 

The  difference  in  tensile  strength  between  R-6  and  R-l  was  insignificant  at  the  95%-confi- 
dence  level.  In  other  words,  the  probability  that  the  difference  in  values  for  these  two  composi¬ 
tions  to  be  as  large  as  it  is  by  chance  is  greater  than  5%.  The  above  table  also  shows  that  R-9 
was  the  only  composition  having  a  difference  in  maximum  strength  at  rupture. 

Average  values  of  the  percent  elongation  of  different  polymer  compositions  are  as  follows: 
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Elongation  at  Elongation 
Formulation  minimum  stress,  %  at  rapture,  X 


R-l  62.7  62.7 

R-4  41.2  41.2 

R-6  99.7  99.7 

R-9  24.78  123.06 

R-ll  334.78  33435 


Hia  difference  in  percent  elongation  at  maximum  atreaa  and  at  rapture  of  all  reain  compoai- 
tiona  waa  aignificant  at  the  95%-confidence  level.  R-9  waa  the  only  compoeition  exhibiting  a 
difference  in  value  between  percent  elongation  at  maximum  and  rupture. 

Accurate  valuee  for  modulua  of  elaaticity  for  the  five  polyurethaaea  are  aa  followa: 

Modulus  of  elaaticity. 


Formulation 

psi  x  20“ 

R-l 

0.479 

R-4 

0.282 

R-6 

0.319 

R-9 

27.77 

R-ll 

0.030 

The  difference  in  elastic  modulus  between  composition  R-4  and  R-6  woe  not  significant  at 
the  95%-confidence  level. 


Average  values  for  the  gelation  time  for  five  formulation  studies  are  as  follows: 
Formulation  Gelation  time,  sec 


R-4 

154 

R-l 

171 

R-6 

175 

R-9 

242 

R-ll 

444 

Hie  differences  among  R-l,  R-4,  and  R-6  were  not  significant  at  the  95%-confidence  level. 

Shore  A-Durometer-hardness  values  are  aa 

followa: 

Formulation 

Hardness, 

Shore  A 

R-ll 

17.5 

R-4 

42.3 

R-6 

42.6 

R-l 

52.9 

R-9 

greater  than  100 

The  average  difference  in  hardness  of  R-4  and  R-6  waa  not  significant.  R-l  is  significantly 

different  from  R-4  and  R-6. 

Average  values  of  polymer-to-metal  shear  strength  are  as  follows: 

Formulation 

Strength,  psi 

R-ll 

85.4 

R-4 

95 

R-l 

149 

R-6 

185 

R-9 

greater  than  300 

6 


Tii«  difference  in  average  strength  between  R-ll  aad  R-4  was  not  significant.  Specific 
value  for  R-9  is  not  given  because  the  ample  could  not  be  raptured  on  tbe  Dilloa  machine. 

Average  values  for  the  proportional-limit  elongation  are  aa  follow*: 

Formulation 

R-9 
R-4 
R-l 
R-6 
R-ll 

Differences  in  the  proportional-limit-elongation  average  values  of  R-4,  R-l,  and  R-6  were 
not  significant. 

The  data  presented  in  Table  2  were  not  obtained  as  part  of  the  statistical  experiment  de¬ 
scribed  previously.  These  data  illustrate  how  the  physical  properties  of  the  polymers  change 
with  temperatures. 


Average  proportional-limit 
elongation,  % 

8.43 

15.2 
17.0 

20.3 
57.8 


TABLE  2.  Properties  of  Polyurethane  Composites 
at  Low  Temperatures 


Formulation 

! 

Teat  temp,, 
°F 

Strei 

igth,  psi 

Elongation,  X 

Max. 

At  rnptnre 

At  max. 
stress 

At  rnptnre 

Modulus 

R-l 

-30 

4,254 

2,659 

10.6 

18.6 

R-4 

-30 

1,590 

1,590 

41.0 

41.0 

R-6 

-30 

4,918 

2,533 

12.5 

22.4 

R-9 

-30 

8,922 

8,922 

14.4 

14.4 

R-ll 

-30 

145 

145 

398 

398 

R-9 

0 

6,190 

7,370 

7.5 

101.9 

101.5 

R-4 

0 

333 

333 

20.5 

20.5 

0.19 

R-6 

0 

R-l 

0 

752 

752 

13.9 

13.9 

5.67 

R-ll 

0 

no 

o 

296 

a 

°  Did  not  break. 


Physical  data  obtained  from  the  statistical  experiment  are  presented  in  the  Appendix 
(Table  3-26). 

From  the  statistical  analysis  of  variance,  the  following  effects  were  found: 

1.  In  most  cases  the  measured  variables  have  significantly  different  means  corresponding  to 
different  resin  compositions. 

2.  The  curing  temperature  of  gelled  polymer  affected  the  following  measured  variables: 

a.  The  elongation  at  maximum  stress  was  affected  by  curing  temperature  for  R-9  resin  only. 

b.  The  proportional-limit  elongations  for  R-ll  and  R-9  were  affected  by  the  curing  temper¬ 
ature.  For  R-9  the  curing  temperature  of  110°F  resulted  in  a  significantly  higher  proportional- 
limit  elongation  than  those  for  curing  temperstures  of  130  end  150°F.  For  R-ll,  however,  as  the 
curing  temperature  increased,  the  proportional-limit  elongation  increased  linearly. 
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e.  Variation  of  curing  tanptwtw  bad  a  significant  liaaar  ({fact  oa  the  Shore  A  hardness 
of  R-6,  R-l,  and  R-4.  As  the  temperature  increased,  die  hardness  increased. 

3.  Temperature  of  prepolymer  at  die  dae  of  catalyst  addition  affected  the  following  meas¬ 
ured  variables: 

a.  The  prepolymer  temperature  of  140°  F  resulted  in  a  significantly  longer  gelation  time 
for  R-6,  R-l,  R-4,  mid  R-ll  than  the  temperature  of  160° F. 

b.  Hie  hardness  of  R-6,  R-l,  and  R-4  at  a  prepolymer  temperature  of  140*  F  was  signifi¬ 
cantly  greater  than  at  a  prepolymer  temperature  of  160°F. 

4.  He  mixing  time  did  not  significantly  affect  any  of  the  measured  variables. 

5.  The  curing  time  of  the  gelled  polymer  affected  the  following  variables: 

a.  The  4-hour  curing  time  resulted  in  a  significantly  higher  proportional-limit  elongation 
for  R-9  than  that  of  the  24-hour  curing  time. 

b.  The  4-hour  curing  time  resulted  in  a  sipificaatly  softer  material  for  R-6,  R-l,  and  R-4 
than  that  of  the  24-hour  curing  time. 

c.  The  4-hour  curing  time  resulted  in  a  significantly  lower  bond  strength  for  R-6,  R-l, 
and  R-4  than  that  of  the  24-hour  curing  time. 


DISCUSSION  AND  CONCLUSIONS 

Present  work  indicates  that  polymers  prepared  from  C-oil  or  DPG  exhibit  widely  different 
physical  properties  than  R-ll,  which  is  prepared  bom  a  polyether,  PPG.2  The  results  show  that 
R-ll  is  e  soft,  low-strength  polymer  with  extremely  good  elongation.  This  polymer  hoe  maximum 
strength  and  elongation  if  cured  at  any  temperature  between  110  and  150°F  bom  4  to  24  hours.  At 
higher  curing  temperatures,  this  material  becomes  more  elastic.  R-ll  has  a  fairly  long  gel  time, 
compared  to  R-l,  R-4,  R-6,  and  R-9.  He  gelation  time  may  be  shortened  approximately  40%  by 
increasing  the  temperature  at  catalyst  addition  bom  140  to  160°F. 

R-9  behaves  as  a  rigid  plastic  material  rather  than  a  true  elastomer.  DPG,  when  added  to 
polyurethane  formulations,  increases  the  toughness  and  hardness  of  the  resin  considerably.  Cur¬ 
ing  temperatures  between  110  and  150°  F  seem  to  produce  maximum  elongation  for  R-9,  but  a  more 
elastic  material  is  produced  if  the  material  is  cured  at  the  lower  temperature.  The  strength  and 
har<kess,  however,  do  not  seem  to  be  affected  by  the  curing  temperature  or  the  curing  time.  The 
gelation  time  is  fairly  constant  between  140  and  160°F.  This  result  is  somewhat  surprising,  but 
may  be  due  to  the  high  viscosity  of  the  resin  at  catalyst-addition  temperatures  between  140  and 
160°F.  This  high  viscosity  probably  inhibits  the  curing  or  crosslinking  reaction  by  sterically 
hindering  the  surface-active  catalyst,  FeAA.  This  effect  masks  the  over-all  effect  of  catalyst- 
addition  temperature.  Although  shear  strengths  were  not  measured  in  this  experiment,  they  were 
found,  in  later  work,  to  be  extremely  good.  This  compound  can  be  used,  therefore,  in  bonding 
applications  where  moderate  bond  strength  is  required. 

Resin  compositions  R-l,  R-4,  and  R-6  are  somewhat  similar  in  over-all  physical  properties 
and  are,  in  general,  affected  in  a  similar  manner  by  the  independent  variables.  In  general,  the 
hardness  of  these  resine  is  sensitive  to  curing  temperature,  curing  time,  and  temperature  of  pre¬ 
poljrmer  at  catalyst  addition.  Also,  better  riiear  strengths  can  be  obtained  by  curing  these  resins 

Bpiastica  Laboratory  Technical  Report  31-A.  "Plasticised  Modifications  of  Dipropyleae  Glycol,  Castor 
Oil,  a,  Tolyleae  Diisocyanate  Polyurethanes  as  Potting  Resins,"  by  R.  E.  Christenson  and  D.  S.  Triioa, 
Princeton,  N.  J.,  Princeton  Uaiv.  Press,  1958. 
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at  150° F  instead  of  curing  them  at  lower  temperatures.  From  Table  2,  it  can  be  seen  that  the 
composition  of  R-4  ia- between  that  of  R-l  and  R-U.  However,  this  resin  has  only  65%  of  the  ten¬ 
sile  strength  and  50%  of  the  elongation  of  R-l,  and  14%  of  the  elongation  of  R-ll.  Composition 
R-l  is  used  mainly  as  a  potting  compound  and  for  transparent-mo  tor-tube  liners. 

R-ll  polymer  gave  significantly  higher  elongation  at  lower  temperatures.  This  unusual  prop¬ 
erty  permits  the  use  of  this  material  at  low  temperatures  where  a  high  degree  of  elongation  is  re¬ 
quired. 

The  mixing  time  did  not  affect  the  physical  propertiea  of  the  polymer  compositions  to  a  sig¬ 
nificant  extent.  This  indicates  that  the  reactions  are  nearly  complete  after  10  minutes  mixing 
time.  Hiis  means  a  rigid  control  of  polymer  mixing  times  is  not  required. 

Gelation  times,  in  general,  were  too  short  for  large-scale  processing.  Since  the  catalyst- 
addition  temperature  had  such  a  pronounced  effect  on  gelation  time,  it  seems  reasonable  to  achieve 
longer  gel  time  by  lowering  the  polymer  temperature  at  which  the  catalyst  is  added.  Since  the 
above  effect  is  assumed  to  be  linear,  gelation  times  at  other  temperatures  may  be  obtained  by  ex¬ 
trapolation  of  the  data;  gel  time  also  can  be  increased  by  decreasing  the  catalyst  concentration. 

In  general,  varying  the  concentration  of  PPG,  DPG,  and  C-oil  when  reacted  with  an  excess  of 
of  TDI  will  produce  resins  of  widely  different  physical  properties.  These  properties  can  be  al¬ 
tered  somewhat  by  varying  the  processing  conditions.  As  was  expected,  changes  in  resin  compo¬ 
sitions  resulted  in  greater  variation  of  physical  properties  than  changes  in  processing  conditions. 
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Appendix 

THE  ANALYSIS  OF  VARIANCE 

The  following  code  ia  used  with  the  analyses: 


Code 

Effect 

Inequality 

• 

Not  significant 

(P  <  0.95) 

+ 

Significant 

(0.95  <  P  <  0.99) 

++ 

Highly  significant 

(0.99  <  P  <  0.999) 

+++ 

Very  highly  significant 

(P  >  0.999) 

The  inequalities  in  parentheses,  such  as  (P  <  0.95)  and  (0.95  <  P  <  0.99),  are  probabilities  (P). 
If,  for  example,  when  -i-  appears,  one  would  say,  “There  is  an  effect,”  the  statement  has  a  95% 
probability  of  being  correct.  When  the  work  "significant”  (Sig.)  appears,  it  denotes  statistical 
significance  that  may  or  may  not  be  of  engineering  significance. 

Entries  under  “Means”  for  Main  Effects  are  in  the  order  of  several  levels  for  each  of  the 
source  of  variations  for  which  they  are  means.  Under  “Means”  for  Two-Factor  Interactions,  the 
entries  (1,1),  (2,2),  etc.,  indicate  the  respective  levels  of  the  two  factors  identified  under  Source 
of  variation.  Interacting  factors  and  corresponding  means  are  given  only  for  those  cases  in  which 
statistical  significance  was  found. 
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TABLE  4.  Maximum  Strength,  psi,  of  Resin  A  -  R, 


Main  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Mesas,  psi 

! _ _ _ 

*1 

h 

*8 

H . 

0.057 

2,561.6 

2,673.1 

2,677.5 

.016 

.151 

— 

2,560.5 

2,714.3 

D  . 

.184 

- 

2,552.7 

2,722.1 

E  . 

0.006 

— 

2,621.7 

2,653.1 

Experimental  error  estimate:  S,  «  968.3;  grand  mean:  2,637.39. 

No  significant  two-factor  interactions  and  no  significant  effects  were  indicated. 
Independent  variables  did  not  alter  maximum  strength  significantly. 


TABLE  5.  Rupture  Strength,  psi,  of  Resin  A  «  R, 


Main  Effects 


Source  of 
interaction 

F-ratio 

Sig. 

Means,  psi 

*1 

X2 

*3 

Bl . 

0.74 

1,981.2 

2,376.2 

2,289.8 

Bq . 

.60 

- 

C  . 

.05 

- 

2, 182.7 

2,248.8 

n . 

.33 

- 

2,131.6 

2,299.9 

E  . 

0.16 

— 

2,156.8 

2,274.7 

Experimental  error  estimate:  S,  *  718.1;  grand  mean:  2,215.73. 

There  were  no  significant  two-factor  interactions  and  no  significant  main  effects. 
The  variations  of  any  independent  variable  did  not  alter  rapture  strength  significantly. 
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TABLE  7.  Elongation  at  Maxmdm  Rkce  aw  Elongation  at 
Rdptctuc,  x,  or  team  Ax  -  R*.  A,  -  Rj,  and  A,  -  H4 


Mate  Effects 


Soares  sf 
variation 

F-ratio 

S|. 

Mean,  * 

Xl 

x» 

A  . - . 

76.05 

+++ 

99.7 

62.7 

41.2 

Bl  - . 

2.72 

- 

64.3 

67.1 

72.2 

0.09 

_ 

rQ . 

0.59 

69.4 

66e4 

0.66 

69,4 

66.3 

E  . . . 

0.92 

1 

66.0 

69.7 

Significant  Two- Factor  interactions 


Soarce  of 

F-ratio 

a*. 

Mesas.  % 

variatioa 

an 

(1.2) 

as> 

(2.1) 

(2.2) 

(2.3) 

(3.1) 

(3,2) 

(3,3) 

abl . 

3.37 

mg 

92 

93 

113 

54 

68 

66 

46 

40 

38 

AE . 

3.39 

B 

93 

106 

58 

67 

.... 

47 

36 

.... 

Experimental  error  estimate:  S.  =  16.6;  grand  mean:  67.86. 

H>e  a«n  elongation  at  maximm  force  %  and  the  ana  elongation  at  rnptnre  %  are  significantly  (4-)  dif¬ 
ferent  for  resins  Rg,  Rlf  and  84.  The  mesas  in  order  froar  smallest  to  the  largest  were  R4,  Rlt  R(. 

The  ABl  interaction  significance  o  centred  be  canoe  R6  and  Rj  change  similarly  over  the  levels  of  B, 
while  resin  R4  has  different  direction  over  the  levels  of  B.  AE  interaction  significance  resulted  because 
resins  R(  sad  Rj  change  similarly  over  the  levels  of  E,  while  reals  R4  has  different  direction  over  the  levels 
of  E. 
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TABLE  8.  Elongation  at  Maxhtom,  X,  of  Rekk  A  -  R# 


Main  E  fleets 


Source  of 
variation 

F-ratio 

Sig. 

Means,  * 

*1 

*2 

bl . 

0.44 

18.7 

45.9 

9.7 

Bq . 

7.23 

+ 

c . 

0.08 

- 

26.3 

32.2 

D  . 

3.32 

- 

14.6 

34.9 

E  . 

1.56 

— 

17.8 

31.7 

Significant  Two-Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means 

.  * 

(1,1) 

(1,2) 

(2.1) 

(2,2) 

(3,1) 

(3,2) 

BqD . 

7.8S 

+ 

24 

13 

14 

78 

58 

14 

BqE . 

8.52 

+ 

22 

15 

16 

76 

15 

44 

dE . 

6.50 

+ 

22 

74 

14 

56 

•• 

•• 

Experimental  error  estimate:  St  —  27.25;  grand  mean:  24.78. 

The  elongation  at  maximum  %  was  quadra tically  affected  by  the  caring  temperature  of 
gelled  polymer  for  the  Rg  resin.  The  means  could  not  be  significantly  separated  because 
of  insufficient  evidence.  The  arrangement  of  the  means  from  smallest  to  largest  was  Bs, 
Bj,  and  Bj. 

The  BqD,  BqE,  and  DE  interactions  indicated  significance.  The  BqD  interaction 
significance  is  due  to  the  fact  that  the  Dj  level  over  the  B  range  ia  quadratically  similar 
to  the  Bn  main  effect  while  the  Dj  level  over  the  B  range  ia  quadratically  inverted. 

The  BqE  interaction  has  similar  relations  as  does  the  BqD  interaction. 
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TABLE  9.  Elongation  at  Maxmum  Force  and  Elongation 
at  Rupture,  X,  op  Resin  A  -  Ru 


Main  Effect* 


Source  of 
variation 

F-ratlo 

Sig. 

Meana,  X 

*1 

X2 

*3 

Bi  . 

1.36 

327.7 

335.0 

370.4 

Br> . 

0.19 

C  . 

0.73 

331.6 

357.1 

D  . 

0.17 

338.2 

350.5 

E  . 

0.62 

H 

356.2 

332.5 

Significant  Two-Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means,  X 

(1,1) 

(1,2) 

(2,1) 

(2.2) 

(3,1) 

(3,2) 

blc . 

10.87 

B 

364 

291 

345 

325 

286 

455 

Experimental  error  estimate:  Sa  =  73.3;  grand  mean:  334.35. 

There  were  no  significant  main  effects.  Variations  in  the  independent  variables  did 
not  alter  elongation  significantly. 

The  B^C  interaction  indicated  significance: 
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TABLE  10.  Elowgaticwat  Rottwi,  %,  or  A  -  R, 


Mala  Effects 


Soiree  of 
variation 

F-ratio 

Sif. 

Means,  % 

*2 

*8 

Bl . 

0.88 

109.1 

131.4 

128.6 

Bq . 

0.49 

— 

c . 

3.21 

— 

188.2 

107.9 

. . 

D  . 

1.17 

- 

182.2 

113.9 

E  . 

3.09 

188.0 

108.2 

Significant  Two-Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means,  % 

(1,1) 

(1.2) 

2,1) 

(2,2) 

(3.1) 

(3.2) 

BqD . 

7.59  , 

+ 

145.3 

73.0 

107.6 

155.3 

143.8 

113.4 

Experimental  error  estimate:  S,  -  41. S;  grand  mean:  123.06. 

There  were  no  significant  main  effects.  The  variations  in  the  independent  variables 
did  not  alter  elongation  significantly. 

The  BqD  interaction  indicated  significance  that  is  likely  to  be  unreal.  However,  the 
points  were  plotted: 
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TABLE  ll.  P»opc«tional-Lmt  Elongation,  X,  of  Resins 
Ax  ■  R6,  Aj  ■  Rj,  and  Ag  •  R| 


Main  Effects 


Source  of 

F-ratio 

Sig. 

Mean,  X 

variation 

*1 

X2 

* 

A  . 

1.79 

— ! 

20.3 

17.0 

15.2 

Bl . 

0.92 

- 

Bq . 

0.00 

- 

16.2 

17.5 

18.8 

c . 

0.07 

17.2 

17.8 

D  . 

1.62 

— 

16.1 

18.9 

E  . 

0.00 

17.5 

17.6 

Significant  Two-Factor  Interactions 


1 

'  *  Source  of 

!  variation 

F-ratio 

Sig. 

Means,  X 

(1.1) 

(1,2) 

(2,1) 

(2,2) 

(3,1) 

(3,2) 

ble . 

6.03 

+ 

18.8 

13.6 

18.8 

16.2 

14.7 

22.9 

Experimental  error  eatimate:  S,  m  9.48;  grand  mean;  17.52. 

There  were  no  aignificant  main  effecta.  The  variations  in  the  independent  variables 
did  not  alter  proportional-limit  elongation  significantly. 

The  indicated  significance  of  B^E  interaction  may  be  unreal  since  there  were  no 
significant  main  effects.  However,  the  means  were  plotted: 
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TABLE  12.  P HOPOITIONAL - L ll«T  ELONGATION,  X, 
of  Resin  A  -  R, 


Main  Effect  a 


Source  of 
variation 

F-ratio 

Sig. 

Means,  X 

*1 

Xt 

bl . 

12.06 

+ 

10.3 

7.1 

7.9 

Bq . 

11.63 

+ 

.... 

.... 

C  . 

0.49 

aaa 

8.6 

8.2 

.... 

D  . 

2.52 

- 

8.9 

8.0 

.... 

E  . 

35.39 

+++ 

10.1 

6.8 

.... 

Significant  Two-Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means,  X 

(1,1) 

(1,2) 

(2,1) 

(2.2) 

(3,1) 

(3,2) 

bld . 

6.88 

•t 

11.3 

9.2 

8.1 

6.1 

7.2 

8.7 

ble . 

10.09 

+ 

10.4 

10.1 

9.6 

4.6 

10.2 

5.7 

CD . 

14.92 

++ 

8.0 

9.2 

9.7 

6.7 

.... 

CE . 

6.50 

+ 

11.0 

6.3 

9.2 

7.3 

DE . 

12.10 

+ 

11.4 

6.3 

8.7 

7.3 

.... 

Experimental  error  estimate:  S,  «  1.34;  grand  mean:  8.43.  , 

The  proportional-limit  elongation,  X,  was  significantly  affected  by  variations  of 
coring  temperature  and  caring  time  of  gelled  polymer.  The  curing  temperature  of  I10°F 
resulted  in  significantly  higher  proportional-limit  elongation,  X,  than  those  curing  tempera¬ 
tures  of  130  and  150°F  (Graph  1).  The  4-hour  curing  time  resulted  in  a  significantly 
higher  proportional-limit  elongation,  X,  than  did  the  24-hour  curing  time  (Graph  2). 

The  B^D  interaction  was  due  to  the  similar  trend  of  Bj  and  B2  over  Dj  and  D2  while 
B3  over  D;  and  I)2  had  different  direction  (Graph  3).  The  B^E  interaction  was  caused  by 
the  similar  trend  of  B2  and  Bj  over  E]  and  F,2  while  Bj  over  Ej  and  E2  had  different  direc¬ 
tion  (Graph  4).  The  CD  interaction  was  caused  by  Cj  and  C2  having  different  direction 
over  the  range  Dj  and  D2  (Graph  5).  The  CE  interaction  resulted  from  Cj  and  C2  having 
different  directions  over  Ej  and  E2  (Graph  6).  The  DE  interaction  was  caused  by  Dj  and 
D2  having  different  directions  over  the  range  Ej  and  E2  (Graph  7). 
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TABLE  13.  PiopotnoKAL'LiOT  Elongation  ,  %, 
or  Resin  a  -  Ru 


Main  Effect* 


Source  of 
variation 

F-ratio 

Sig. 

Meana,  % 

*1 

*2 

*3 

bl . 

5.  S3 

a 

88.4 

51.6 

83.3 

Bn . 

0.80 

r° 

0.80 

■ft; 

62.1 

58.5 

0.72 

■MK 

51.1 

64.5 

E  . 

0.00 

H 

58.1 

57.5 

Experimental  error  eetimats:  S,  -  SS.9;  grand  mean:  57.80. 

The  variations  of  earing  temperate  re  of  gelled  polymer  significantly  affected  the 
proportlonai*limit  elongation,  %.  Aa  the  caring  temperature  increased,  the  proportional* 
limit  elongation  increased  linearly: 


i 

[ 
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TABLE  14.  Piopoitional  Luirr,  Stress  ,  Psi,  or  Resms 
Ai  -  R«,  Aa  .  Rlt  and  Aj  -  R4 


Main  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Means,  stress,  pai 

*1 

*2 

*3 

A  . 

14.92 

+++ 

56.7 

77.9 

38.7 

Bi  . 

0.01 

Bq  . 

1.81 

— 

54.7 

63.3 

55.2 

c . 

0.07 

— 

57.0 

58.5 

D  . 

0.10 

56.8 

58.7 

E  . 

0.11 

- 

58.7 

56.8 

Significant  Two-Factor  Interact  ion  a 


Source  of 
variation 

F-  ratio 

Sig. 

Means,  stress,  psi 

(1,1) 

(1,2) 

(2,1) 

(2,2) 

(3,1) 

(3,2) 

Bi  E . 

5.71 

+ 

65.4 

44  JO 

62.0 

64.7 

48.8 

61.7 

Experimental  error  estimate:  S,  «  24.89;  grand  mean:  57.75. 

The  different  resin  compositions  sffected  proportional  limit,  stress,  psi,  significantly. 
The  order  of  meana  from  smallest  to  largest  of  resins  was  R4,  R6,  Rj. 

The  Bj_E  interaction  is  shown: 
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TABLE  IS.  PiopomoNAL  Loot,  Stress,  pa,  or  Rum  A  -  R, 


Mala  Effects 


Sonrce  of 
variation 

F-ratio 

Sig. 

Means,  psi 

*1 

*2 

*3 

bl . 

0.02 

2,175 

1,948 

2,118 

Bq . 

.84 

- 

c . 

.43 

- 

1,969 

2,187 

D  . 

.18 

- 

2,009 

2,148 

E  . 

0.82 

— 

2,228 

1,928 

Experiment*]  error  estlmste:  St  «*  612.4;  grand  mean:  2,078.18. 

There  were  no  significant  two-factor  interactions. 

The  variations  of  the  independent  variables  did  not  affect  proportional  limit  signifi¬ 
cantly. 


TABLE  16.  Modulus  of  Elasticity,  psi  x  10  ”3.  of 
Resin  A  -  Ru 


Main  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Means,  psi  x  10”* 

*1 

X2 

As 

Bt  . 

0.56 

Bq . 

1.82 

— 

0.041 

0.053 

0.030 

c . 

0.37 

- 

.037 

.045 

D . 

0.66 

- 

.046 

.036 

E  . 

0.01 

0.042 

0.040 

Experimental  error  estimate:  Sf  =  0.0299;  grand  mean:  0.04094. 

The  independent  variables  did  not  significantly  affect  the  modnlus  of  elasticity. 
There  were  no  significant  two-factor  interactions. 
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TASLE  17.  Proportional  Loot,  Stbess,  pa. 
or  Resin  A  -  Ru 


Mala  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Means,  psi 

*1 

*1 

* 

bl . 

5.96 

+ 

13.7 

18.6 

20.5 

Bq . 

0.38 

- 

c . 

2.43 

19.4 

15.9 

D  . 

0.01 

17.5 

17.7 

E  . 

0.06 

- 

17.9 

17.3 

Significant  Two  Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means,  pai 

(1,1) 

(1,2) 

(2,1) 

(2,2) 

(3,1) 

(3,2) 

BrjC . 

5.40 

B 

17.6 

9.85 

16.7 

23.9 

17.2 

V 

Experimental  errot  estimate:  5,  »  5.56;  grand  mean:  17.63. 

The  variations  of  the  coring  temperature  had  a  significant  linear  effect  on  proportion* 
al  limit,  stress,  psi.  Hie  order  of  means  from  smallest  to  largest  was  R;,  Rj,  Rj. 

The  BqC  interaction  was  doe  to  the  levels  of  C  not  having  the  same  quadratic  direc¬ 
tion  over  the  levels  of  B: 


25.00 

25.00 

TV  /C' 

18.75 

18.75 

12.50 

- 

12.50 

7 

6.25 

- 

6.25 

- 

0.00 

_ 1 _ 1 _ 1 _ 

0.00 

_ 1 _ 1 _ 1 _ 

B|  B|  B|  B|  B(  B* 
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TABLE  18.  Modulus  or  Elasticity,  pm  x  10"*,  of 
Resm  At  -  R*.  Aj  -  Rlf  and  A,  -  R4 


Mala  Effect. 


Soares  of 

F-ratio 

Sig. 

Meaaa,  psi  x  10"* 

variation 

*1 

*8 

*8 

A  . 

Bl . 

17.64 

0.70 

+++ 

0.819 

0.479 

0.282 

Bq . 

2.26 

- 

.359 

.891 

0.330 

c . 

0.04 

- 

.857 

.363 

D  . 

1.51 

.378 

.842 

0.358 

E  . 

0.03 

- 

0.862 

Experimental  error  estimate:  S,  «  0.1224;  grand  meaai  0.8599. 

The  modnlns  of  elasticity  waa  significantly  affected  by  the  varioas  reaina.  Resina 
Rg  and  Rg  resulted  in  s  significantly  lower  modnlae  of  elasticity  than  did  resin  Rj. 
There  were  no  significant  two-factor  interactions. 


TABLE  19.  Modulus  of  Elasticity,  psi  x  10-*, 
of  Resin  A  -  R9 


Main  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Means,  psi  x  10~* 

*1 

*2 

*8 

bl . 

0.63 

_ 

21.9 

33.3 

28.1 

Bq . 

1.53 

- 

C  . . 

0.39 

25.8 

29.7 

D  . 

0.63 

25.3 

30.3 

E  . 

1.04 

- 

24.5 

31.0 

Experimental  error  estimate:  St  m  15.5;  grand  mean:  27.776. 

Independent  variables  did  not  affect  modnlns  of  elasticity  significsntly.  There  were 
no  significant  two-factor  interactions. 
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TABLE  20.  Gelation  Tmt,  Sec,  or  Resins 
Aj  ■  Rj,  As—  Rj,  and  Aj  ■  R4 


Main  Effects 


Source  of 
variation 

F-ratio 

Sig. 

Means,  sec 

*1 

*2 

A. 

A  . 

1.32 

175.1 

171.3 

154.0 

bl . 

0.30 

- 

Bq . 

0.01 

— 

163.3 

166.2 

170.8 

c . 

33.10 

+++ 

199.2 

134.4 

D  . 

2.07 

- 

158.7 

174.9 

E  . 

1.72 

174.2 

159.4 

Significant  Two-Factor  Interactions 


Source  of 

F-ratio 

Sig. 

Means 

,  sec 

variation 

(1,1) 

(1.2) 

(2,1) 

(2.2) 

(3,1) 

(3.2) 

BnE . 

6.00 

4- 

167 

159 

193 

139 

162 

180 

Q 

CD . 

4.83 

+ 

179 

220 

139 

130 

Experimental  error  estimate:  St  =  47.78;  grand  mean:  166.78. 

A  prepolymer  temperature  of  140°F  resulted  in  a  significantly  higher  gelation  time 
than  when  the  prepolymer  temperature  was  I70°F. 

The  BqE  interaction  is  due  to  the  fact  that  the  E2  and  E}  levels  over  the  range  of  B 
are  dissimilar. 

The  CD  interaction  results  from  the  Cj  and  C2  levels  having  different  directions  over 
the  range  of  Dj : 


200 
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TABLE  21.  Gelatioh  Time,  Sec,  or  Rem*  A  •  Ru 


Main  Effects 


Soares  of 

Sig. 

Manna,  aec 

variation 

F-TliiO 

*2 

x» 

bl . 

1.40 

438.5 

421.5 

477.6 

B0 ................ 

■ 

528.4 

360.0 

mmmmm 

431.0 

457.8 

E  . 

+ 

495.2 

393.2 

Significant  Two-Factor  Interactions 


Source  of 
variation 

F-ratio 

Sig. 

Means,  sec 

(1.1) 

(1.2) 

(2,1) 

(2,2) 

CE . 

6.45 

m 

618 

439 

372 

348 

Experimental  error  estimate:  S,  -  74.5;  grand  mean:  444.18. 

The  gelation  time  was  significantly  affected  by  temperature  of  prepolymer.  The  lower 
prepolymer  temperature  resulted  in  a  longer  gelation  time  than  did  the  higher  prepolymer 
temperature. 

A  4-hour  curing  time  resulted  in  a  significantly  longer  gelation  time  than  did  the  24- 
hour  coring  time. 

The  CE  interaction  significance  was  the  resnlt  of  C;  and  C2  having  a  different  direc¬ 
tion  over  the  range  of  E2: 


C 


E 


CE 
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TABLE  23.  Gelation  Time,  Sec,  of  Rxsm  A  -  R, 


Mala  Ef facta 


Source  of 
variation 

F-ratio 

Sig. 

Mans,  sac 

*1 

*2 

bl . 

mm 

153 

237 

238 

Bq . 

c . 

A  -  .-m 

304 

181 

D  . 

219 

266 

E  . 

H 

233 

252 

Experimental  error  eatimate:  S,  ■=  134.5;  grand  mean:  242.43. 

There  were  no  aignificant  two-factor  interaetiona.  The  gelation  time  waa  not  signifi¬ 
cantly  affected  by  variations  of  the  independent  variables. 


TABLE  24.  Hardness,  Shore  A,  of  Resin  A  «  Ru 


Main  Effects 


Source  of 
variation 

F-rstio 

Sig. 

Means,  Shore  A 

*1 

A, 

bl . 

1.82 

16.2 

18.1 

18.3 

Bo . 

0.39 

C  . 

1.13 

D  . 

0.99 

iHiHl 

E  . 

2.17 

- 

18.4 

Experimental  error  estimate:  5,  m  2.98;  grand  mean:  17.51. 

There  were  no  significant  two-factor  interactions.  The  changes  in  any  of  the  inde¬ 
pendent  variables  had  no  significant  effect  on  hardness  (Shore). 
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TABLE  25.  Bond  Strength  of  Remnb 
A|  »  R6,  Af  ■  Rj,  and  A|  ■  R4 


Mala  Effects 


Source  of 
variation 

F-ratio 

Sg. 

I 

Mean*,  Shore  A 

Xi 

x3 

A  . 

19.93 

+  ++ 

185.3 

149.1 

95.0 

bl . 

0.00 

• 

147.7 

133.5 

148.2 

Br>  . 

1.34 

c . 

1.34 

151.0 

135.3 

D  . 

0.51 

138.9 

147.3 

E  . 

6.35 

+ 

128.3 

157.9 

Experimental  error  eatimate:  S,  ■  49.88;  grand  mean:  143. 12. 

There  were  no  significant  two-factor  lateractioaa.  The  bond  strengths  of  the  three 
\  resins  are  significantly  different  in  the  following  order  (smallest  to  the  largest):  R4.  Rj, 

and  R6.  The  4-honr  coring  time  resulted  in  a  significantly  lower  bond  strength  than  the 
24-hoar  caring  time: 


E 


J 

j 


A 
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TABLE  26.  Bond  Stskngtb  at  Resin  Ru 


Mite  EHoeu  < 


Source  af 
Tariatiaa 

E-redo 

Sf 

Meats,  Shore  A 

H.l) 

:i.j)  : 

(2,1) 

(2,2) 

(3,1) 

(3,2) 

BO . 

6.90 

B 

74.S 

>46 

92.3 

64.1 

93.0 

93.0 

bl . 

9.17 

mm 

76.0 

‘>4.3 

75.3 

■ 

109.0 

77.8 

CE  . 

1166 

Q 

004) 

,r3.7 

72.9 

95.0 

Experfcaratal  him  estiaatai  ^  •  16.67;  pend  mrmn:  83.39. 

TIm  eaiiatieas  •(  tea  varUbloii  did  iot  sfnificantly  affect  bond  strength 

The  HqC,  \E,  aad  CE  telaroe'.iooa  tedicnte  siptifirutce  although  there  were  no 
alga  HI  cast  mate  effects.  H  awe  Tar,  tie  gray  ha  of  tea  interactiooa  are  shown  for  the  judg- 

■aat  af  tea  expariaaatan 
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